The neuroimaging literature on cerebral palsy (CP) has predominantly focused on identifying structural aberrations within the white matter (e.g., fiber track integrity), with very few studies examining neural activity within the key networks that serve the production of motor actions. The current investigation used high-density magnetoencephalography to begin to fill this knowledge gap by quantifying the temporal dynamics of the alpha and beta cortical oscillations in children with CP (age = 15.5 ± 3 years; GMFCS levels II-III) and typically developing (TD) children (age = 14.1 ± 3 years) during a goal-directed isometric target-matching task using the knee joint. Advanced beamforming methods were used to image the cortical oscillations during the movement planning and execution stages. Compared with the TD children, our results showed that the children with CP had stronger alpha and beta event-related desynchronization (ERD) within the primary motor cortices, premotor area, inferior parietal lobule, and inferior frontal gyrus during the motor planning stage. Differences in beta ERD amplitude extended through the motor execution stage within the supplementary motor area and premotor cortices, and a stronger alpha ERD was detected in the anterior cingulate. Interestingly, our results also indicated that alpha and beta oscillations were weaker in the children with CP within the occipital cortices and visual MT area during movement execution. These altered alpha and beta oscillations were accompanied by slower reaction times and substantial target matching errors in the children with CP. We also identified that the strength of the alpha and beta ERDs during the motor planning and execution stages were correlated with the motor performance. Lastly, our regression analyses suggested that the beta ERD within visual areas during motor execution primarily predicted the amount of motor errors. Overall, these data suggest that uncharacteristic alpha and beta oscillations within visuomotor cortical networks play a prominent role in the atypical motor actions exhibited by children with CP.
Introduction
Cerebral palsy (CP) is the most prevalent pediatric neurologic impairment diagnosed in the United States (Christensen et al., 2014) . Damage to the periventricular white matter areas during birth, or shortly after, is the most common cause (Bax et al., 2005) . This damage reduces the fidelity of information that is transmitted along the thalamocortical and corticospinal tracts (Hoon et al., 2009 ), which of course results in a wide variation of sensorimotor impairments. Such variability in the nature and severity of impairments is an inherent characteristic of patients diagnosed with the CP umbrella term. Over 90% of these children have musculoskeletal impairments that result in slower and less coordinated motor actions (Abel and Damiano, 1996; Johnson et al., 1997; Norlin and Odenrick, 1986 ). These observations have fueled the original belief that the motor aberrations seen in children with CP primarily originated in the musculoskeletal machinery (Pin et al., 2006; Moreau et al., 2012; Blumetti et al., 2012; Dreher et al., 2012; Taylor et al., 2013) . However, this hypothesis has been significantly challenged in recent years, as it is becoming widely recognized that the white matter damage seen in these children likely impacts activity within the key brain networks that are involved in processing sensory information and the production of motor actions (cf. Cramer et al., 2011; Graham et al., 2016) . Understanding how the perinatal brain injuries found in children with CP may affect brain function in these key networks is crucial for advancing our understanding of the basic neurophysiology that underlies CP.
Data from electroencephalography (EEG), magnetoencephalography (MEG) and invasive electrocorticography (ECoG) experiments have shown that the cortical oscillatory activity in the beta range (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) decreases prior to the onset of movement, and that this decrease is largely sustained throughout the movement (Jurkiewicz et al., 2006; Miller et al., 2007; Wilson et al., 2010; Tzagarakis et al., 2010; Wilson et al., 2011; Wilson et al., 2014; Tzagarakis et al., 2015; Grent-'t-Jong et al., 2014; Heinrichs-Graham et al., 2014; Kurz et al., 2016) . This response is typically referred to as the beta event-related desynchronization (ERD) and it involves bilateral neural activity across sensorimotor cortices, with the strongest maxima contralateral to the effector producing the motor action, which is consistent with the somatotopic/ motortopic organization of the pre/post-central gyri. Additional areas of concurrent beta ERD activity often include the premotor area, supplementary motor area (SMA), parietal cortices and mid-cingulate. While these previous studies have advanced our understanding of how the healthy brain produces motor actions, we still have a limited understanding of the nature of these cortical oscillations in children with CP.
Neuroimaging studies of children with CP have historically focused on identifying structural aberrations within the white matter, with very limited attention toward understanding the altered neurophysiology of brain networks serving the production of motor actions (Carr et al., 1993; Maegaki et al., 1999; Staudt et al., 2002; Vandermeeren et al., 2003a; Vandermeeren et al., 2003b; Hoon et al., 2009; Holstrom et al., 2010) . However, we have recently begun to address this substantial knowledge gap through the use of MEG imaging in children with CP. This work has shown that the beta ERD response is significantly stronger in the sensorimotor cortices of children with CP during the planning of knee extension movements (Kurz et al., 2014) . These findings imply that the impaired leg motor actions seen in children with CP may be partially related to the inability to formulate a motor plan that predicts the ideal muscle synergies for achieving a motor goal. In the current investigation, we further interrogate the neurophysiology of motor control in children with CP by quantifying the strength of the cortical oscillations during a goal-directed, visuomotor, target-matching task that was performed with the knee joint. We chose a task requiring visuomotor transformations because visual feedback is critical to constructing an accurate motor plan, yet the role of visuomotor processing in CP-related movement abnormalities is completely unknown. Prior experimental work has shown that visual information processed in the occipital cortices is not only used for stimulus discrimination, but is also critical to online motor performance and may actually modulate the strength of the neural activity in motor areas during visuomotor tasks (Ledberg et al., 2007; Strigaro et al., 2015) . Our primary hypothesis was that children with CP would have uncharacteristic beta oscillations relative to typically developing (TD) children in sensorimotor and occipital cortices during the planning and motor execution stages of the visuomotor target-matching task. Furthermore, we hypothesized that these altered beta oscillations would be correlated with reductions in movement accuracy in children with CP.
Materials and methods

Subjects
The Institutional Review Board at the University of Nebraska Medical Center reviewed and approved the protocol for this investigation. Thirteen children with CP that had a spastic diplegic presentation (age = 15.5 ± 3 years; 8 males; GMFCS levels II-III) and 15 typically developing children (age = 14.1 ± 3 years; 8 males) with no neurological or musculoskeletal impairments participated in this investiga-tion. The children with CP were excluded if they had an orthopedic surgery or anti-spasticity treatments within the last 6-months or if the child had too low of cognition to follow directions. All of the parents provided written consent that their child could participate in the investigation and the children assented. None of the participating children had visible white or grey matter lesions that would have affected the integrity of the cortical surface in neural areas of interest (i.e., motor system, occipital, and inferior frontal gyrus). In addition, the participating children were not on any medication and did not have visual processing impairments.
MEG data acquisition and experimental paradigm
Neuromagnetic responses were sampled continuously at 1 kHz with an acquisition bandwidth of 0.1-330 Hz using an Elekta MEG system (Helsinki, Finland) with 306 magnetic sensors, including 204 planar gradiometers and 102 magnetometers. All recordings were conducted in a one-layer magnetically-shielded room with active shielding engaged for advanced environmental noise compensation. During data acquisition, the children were monitored via real-time audio-video feeds from inside the shielded room. A custom built head stabilization device that consisted of a series of inflatable airbags that surrounded the sides of the head and filled the void between the head and MEG dewar was worn for all data collections. This system stabilized the head and reduced the probability of any large head movements occurring during the data collections.
The children were seated upright in a magnetically silent chair during the experiment. A custom-built magnetically silent force transducer was developed for this investigation to measure the isometric knee extension forces generated by the children (Fig. 1A ). This device consisted of a 20 × 10 cm airbladder that was inflated to 317 kPa, and fixed to the anterior portion of the lower leg just proximal to the lateral malleoli. A thermoplastic shell encased the outer portion of the airbladder and was secured to the chair with ridged strappings. Changes in the pressure of the airbag as the child generated an isometric contraction were quantified by an air pressure sensor (Phidgets Inc., Calgary, Alberta, CA) and were subsequently converted into units of force.
The experimental paradigm involved the child generating an isometric knee extension force that matched target forces that varied between 5 and 30% of the child's maximum isometric knee extension force across trials. The step size between the respective targets was one unit of force. The target force was visually displayed as a box and the force generated by the child was shown as a smaller box that was animated vertically, based on the isometric force generated (Fig. 1B) . The children were instructed to match the presented targets as fast and as accurately as possible. The distinct target forces were presented in a Fig. 1 . A) Depiction of the custom-built pneumatic force transducer that is positioned just proximal to the lateral malleolus of the child. B) The isometric knee extension force generated by the child animates the yellow box to ascend vertically to match the green target box. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) random order, and a successful match occurred when the box that represented the child's isometric force was inside the target box for 0.3 s. A fixation cross was displayed on the screen after the child matched the target. The stimuli were shown on a back-projected screen that was approximately~1 m in front of the child and at eye-level. The epochs of each trial were 10 s in duration (−5.0 s to + 5.0 s), with the onset of the isometric force defined as 0.0 s. Hence, the child had 5 s to match the target and there was a minimum of 5 s of rest between targets. For the experiment, each child completed 120 target-matching trials in order to optimize the MEG signal-to-noise ratio.
MEG coregistration & structural MRI processing
Structural MRI data were acquired using a Philips Achieva 3 T scanner. High-resolution T1-weighted sagittal images were obtained with an eight-channel head coil using a 3D fast field echo sequence with the following parameters: FOV: 24 cm, 1 mm slice thickness, no gap, inplane resolution of 1.0 × 1.0 mm and sense factor of 2.0.
Four coils were affixed to the head of the child and were used for continuous head localization during the MEG experiment. Prior to the experiment, the location of these coils, three fiducial points and the scalp surface were digitized to determine their three-dimensional position (Fastrak 3SF0002, Polhemus Navigator Sciences, Colchester, VT, USA). Once the child was positioned for the MEG recording, an electric current with a unique frequency label (e.g., 322 Hz) was fed to each of the four coils. This induced a measurable magnetic field and allowed each coil to be localized in reference to the sensors throughout the recording session. Since the coil locations were also known in head coordinates, all MEG measurements could be transformed into a common coordinate system. With this coordinate system (including the scalp surface points), each child's MEG data were coregistered with native space neuroanatomical MRI data using the three external landmarks (i.e., fiducials) and the digitized scalp surface points prior to source space analyses. The neuroanatomical MRI data were aligned parallel to the anterior and posterior commissures and transformed into standardized space using BESA MRI (Version 2.0; BESA GmbH, Gräfelfing, Germany).
MEG pre-processing, time-frequency transformation, & statistics
Using the MaxFilter software (Elekta), each MEG data set was individually corrected for head motion that may have occurred during task performance, and were subjected to noise reduction using the signal space separation method with a temporal extension (Taulu and Simola, 2006) . Artifact rejection was based on a fixed threshold method, supplemented with visual inspection. The continuous magnetic time series was divided into epochs of 10.0 s in duration. For all time windows, 0.0 s was defined as the onset of the isometric force and the baseline was defined as − 3.6 to − 3.1 s. Artifact-free epochs for each sensor were transformed into the time-frequency domain using complex demodulation (resolution: 2.0 Hz, 0.025 s) and averaged over the respective trials. These sensor-level data were normalized by dividing the power value of each time-frequency bin by the respective bin's baseline power, which was calculated as the mean power during the baseline (− 3.6 to − 3.1 s). This baseline time window was selected based on our inspection of the sensor level absolute power data, which showed that this time window was quiet and temporally distant from the peri-movement oscillatory activity. The specific time-frequency windows used for imaging were determined by statistical analysis of the sensor-level spectrograms across the entire array of gradiometers. Each data point in the spectrogram was initially evaluated using a mass univariate approach based on the general linear model. To reduce the risk of false positive results while maintaining reasonable sensitivity, a two stage procedure was followed to control for Type 1 error. In the first stage, one-sample t-tests were conducted on each data point and the output spectrogram of t-values was thresholded at P < 0.05 to define time-frequency bins containing potentially significant oscillatory deviations across all participants and conditions. In stage two, timefrequency bins that survived the threshold were clustered with temporally and/or spectrally neighboring bins that were also above the (P < 0.05) threshold, and a cluster value was derived by summing all of the t-values of all data points in the cluster. Nonparametric permutation testing was then used to derive a distribution of clustervalues and the significance level of the observed clusters (from stage one) were tested directly using this distribution (Ernst, 2004; Maris and Oostenveld, 2007) . For each comparison, at least 10,000 permutations were computed to build a distribution of cluster values.
MEG source imaging & statistics
A minimum variance vector beamforming algorithm was employed to calculate the source power across the entire brain volume (Gross et al., 2001) . The single images were derived from the cross spectral densities of all combinations of MEG sensors, and the solution of the forward problem for each location on a grid specified by input voxel space. Following convention, the source power in these images were normalized per subject using a separately averaged pre-stimulus noise period of equal duration and bandwidth (van Veen et al., 1997; Hillebrand et al., 2005) . Thus, the normalized power per voxel was computed over the entire brain volume per participant at 4.0 × 4.0 × 4.0 mm resolution. Each child's functional images, which were co-registered to anatomical images prior to beamforming, were transformed into standardized space using the transform previously applied to the structural MRI volume and spatially resampled. MEG preprocessing and imaging used the BESA software (BESA v6.0; Grafelfing, Germany).
Two-sample t-tests were used to calculate statistical parametric maps (SPM) showing regions with significant group differences in oscillatory activity. All images were thresholded at (P < 0.01) and a cluster-based correction method (i.e., 200 contiguous voxels), based on the theory of Gaussian random fields, was applied to the suprathreshold voxels to reduce the risk of false positive findings resulting from the multiple comparisons (Worsley et al., 1996; Worsley et al., 1999; cf. Wilson et al., 2015) . Thus, we imaged these responses using beamforming, and statistically evaluated the resulting 3D maps of functional brain activity using a mass univariate approach based on the general linear model.
Motor behavioral data
The output of the force transducer was simultaneously collected at 1 kHz along with the MEG data, and was used to quantify the child's motor performance. The formulation of the motor plan was assumed to be represented by the child's reaction time, which was calculated based on the time from when the target was presented to when force production was initiated. The amount of error in the feedforward execution of the motor plan was behaviorally quantified based on the percent overshoot of the target. Finally, the time to match the target was used to quantify the online corrections that were made after the initial motor plan was executed. The online corrections were calculated based on the time difference between the reaction time and the time to reach the target.
Separate independent-samples t-tests were used to determine if there were differences in the behavioral performance of the TD children and children with CP. In addition, ERD peak amplitudes within clusters of significant oscillatory cortical activity during the motor planning and executions stages were extracted and correlated with the motor behavioral outcomes using Spearman rho rank order correlations.
Stepwise regression models were also implemented as a follow-up to the correlational analyses. Essentially, when multiple ERD peaks were correlated with the respective behavioral variables during the motor planning and execution stages, stepwise regressions were used to determine the specific alpha and beta ERD peaks (i.e., regions) that best explained the variance seen within the motor behavioral variables. All of the statistical analyses involving the behavioral metrics were performed with SPSS statistical software (IBM, Armonk, NY) using a 0.05 alpha level. The false discovery rate algorithm was also used to adjust the alpha level of the t-tests and correlational analyses in order to control for the potential increase in familywise error rate that may have occurred due to the multiple statistical tests (Benjamin and Hochberg, 1995) .
Results
Motor behavioral results
There were significant differences in the goal directed isometric forces generated by the children with CP and their TD peers. The children with CP had slower reaction times (CP = 0.67 ± 0.07 s; TD = 0.43 ± 0.02 s; P = 0.004), larger overshoot errors (CP = 75.7 ± 15%; TD = 42.6 ± 7%; P = 0.01), and took a longer time to match the targets (CP = 3.4 ± 0.2 s; TD = 2.8 ± 0.1 s; P = 0.006).
Sensor-level results
There were significant alpha (8-14 Hz) and beta (16-24 Hz) ERDs that were present in a large number of sensors near the sensorimotor cortex ( Fig. 2 ; P < 0.0001, corrected). Collectively, these responses started about 0.5 s before movement onset and were sustained for 0.5 s afterward. Compared with the alpha ERD, the beta ERD continued throughout the duration of the target matching task. We independently imaged the alpha and beta ERD seen within the − 0.5 to 0 s and 0 to 0.5 s time windows using a baseline period of −3.6 to −3.1 s to identify the brain regions generating these oscillatory responses.
Alpha cortical oscillations
Performance of the target matching task elicited significant (P < 0.01, corrected) alpha oscillations bilaterally across frontoparietal cortical areas during the motor planning period (− 0.5 to 0.0 s), with separate maxima within the leg region of the primary motor and pre-motor cortices of the left hemisphere, and the inferior parietal lobule and premotor cortices of the right hemisphere. During the motor execution stage (0 to 0.5 s), there were notable alpha oscillations present in the occipital cortices and anterior cingulate gyrus (P < 0.01, corrected). In regard to group effects, the children with CP had significantly stronger alpha ERD during the motor planning period (− 0.5 to 0.0 s) in bilateral primary motor cortices, left premotor cortices, right inferior parietal lobule, and right premotor cortices compared with the TD children (P < 0.01, corrected; Fig. 3A ). During the motor execution period (0.0 to 0.5 s), the children with CP had weaker alpha ERD responses bilaterally within the occipital cortices, and a stronger alpha ERD in the anterior cingulate compared with the TD children (P < 0.01, corrected; Fig. 3B ).
The peak Talairach coordinates for each cluster in the group difference images are listed in Table 1 . The amplitude of alpha oscillatory activity at each of these peaks, during both the motor planning and executions stages, were subsequently extracted for each participant and correlated with the motor behavioral variables. Our analysis of the data from all participants revealed that there was a negative rank order relationship between the reaction time and the strength of the alpha ERD within the right primary motor cortices during the motor planning stage (ρ = −0.46, P = 0.014). This implies that a stronger alpha ERD within the motor cortices was associated with a slower reaction time. Additionally, there was a negative rank order correlation between the amount of error in matching the target and the strength of the alpha ERD in the primary motor cortices (ρ = −0.45, P = 0.016) and right inferior parietal cortices (ρ = −0.52; P = 0.005) during the motor planning stage. This indicated that a stronger alpha ERD within these cortical areas was associated with larger target matching errors. We also identified that there was a positive rank order correlation between the strength of the alpha ERD in the occipital cortices during the motor execution stage and the amount of error in matching the target (ρ = 0.66; P = 0.0001). This suggests that a weaker alpha ERD within the occipital cortices was related to greater errors in matching the targets. Lastly, we detected a positive rank order correlation between the time it took the children to match the target and the alpha ERD in the occipital cortices during the motor execution stage (ρ = 0.66; P = 0.0001). This suggests that a weaker alpha ERD in the occipital cortices during motor execution was associated with taking a longer time to accurately match the prescribed targets.
In regard to the TD children specifically, there was a strong negative rank order correlation between the strength of the alpha ERD within the inferior parietal cortices during the motor planning period and the reaction time (ρ = − 0.79; P = 0.001). This implied that a stronger alpha ERD within the inferior parietal cortices was associated with a slower reaction time. For the children with CP, there was a strong positive correlation between the strength of the alpha ERD within the occipital cortices and the time it took them to match the target Fig. 2. (A) Time-frequency spectrogram for a representative typically-developing participant. Frequency (Hz) is shown on the y-axis and time (s) is denoted on the x-axis, with 0.0 s defined as the onset of the isometric force. The event-related spectral changes during the isometric knee task are expressed as the percent difference from baseline (− 3.6 to − 3.1 s), with the scale shown to the far right. The MEG sensor with the greatest response amplitude is shown, which was located near the sensorimotor cortices and contralateral to the leg generating the force. As can be discerned, there was a strong decrease in the alpha (8-14 Hz) and beta (16-24 Hz) bands that started about 0.5 s prior to the initiation of the isometric force. The alpha band decrease (desynchronization) ceased at about 0.8 s, while the beta band activity was sustained while the participant attempted to match the prescribed targets. (B) A 2D map of the sensor array is shown to illustrate the gradiometer sensors where significant alpha (8-14 Hz) and beta (16-24 Hz) responses were detected, with a color legend to the far right. As shown, significant beta and alpha responses clustered around the sensorimotor cortices, and stretched toward the occipital cortices, with the beta-only sensors clustering anteriorly (near motor regions) and alpha-only sensors clustering posteriorly (near occipital cortex). Between these two extremes, many sensors contained both significant alpha and beta responses. Note that the black sensor-chip was not included in the sensor-level statistical analyses, as it was bad in several participants.
(ρ = 0.89; P = 0.0001). This indicated that a stronger alpha ERD was associated with the child needing less time to match the target. None of the other correlations were significant, although it should be noted that the group-specific correlations were less sensitive due to the decreased power associated with smaller samples.
Beta cortical oscillations
The target-matching motor task elicited significant (P < 0.01, corrected) beta oscillations bilaterally across the fronto-parietal cortical areas during the motor planning period (− 0.5 to 0.0 s), with separate maxima residing in the pre/postcentral gyri, SMA, and inferior/superior parietal cortices. In regard to group effects, the children with CP had a stronger beta ERD during the motor planning period (− 0.5 to 0.0 s) within the leg area of the primary motor cortices, as well as left premotor cortices and the left inferior frontal gyrus compared with the TD children (P < 0.01, corrected; Fig. 4A ). During the motor execution period (0.0 to 0.5 s), this beta ERD activity continued to be statistically stronger for the children with CP in the left premotor cortices and also emerged in the SMA (P < 0.01, corrected; Fig. 4B ). Finally, the children with CP had significantly weaker beta ERD bilaterally within the occipital cortices and visual MT area during motor execution (0.0 to 0.5 s) compared with the TD children (P < 0.01, corrected; Fig. 5 ).
The peak Talairach coordinates for each cluster in the group difference images for beta activity are listed in Table 1 . As with the alpha analyses, the amplitude of beta activity at each of these peaks during the motor planning and executions stages were extracted for each participant, and these data were correlated with the motor behavioral outcomes. Based on the data from all of the participants, this analysis revealed that there was a positive rank order correlation between the amount of error in matching the target and the strength of the beta ERD within the occipital cortices (ρ = 0.61, P = 0.0001) and visual MT area (ρ = 0.47, P = 0.006) during the motor execution stage. This implies that a weaker beta ERD within these cortical areas was associated with greater errors in matching the targets. We also found a positive rank order correlation between the time to match the target and the strength of the beta ERD within the occipital cortices (ρ = 0.45, P = 0.008) and visual MT area (ρ = 0.65, P = 0.0001) during the motor execution stage. This implies that a weaker beta ERD within these cortical areas was associated with the children taking a longer time to match the prescribed targets. After correcting the significance level for multiple comparisons, none of the beta ERD peaks were related to the reaction times seen in the participants (P > 0.01).
In the TD children specifically, there was a positive rank order correlation between the strength of the beta ERD within the occipital Fig. 3 . Statistical parametric maps (SPMs) of the group effect for alpha activity (8-14 Hz) during the motor planning stage (− 0.5 to 0 s) and motor execution stage (0 to 0.5 s) of the isometric knee target force matching task. The images have been thresholded at (P < 0.01, corrected) and are displayed following the radiological convention (R = L). As shown in panel A, there were wide spread significant differences in alpha event-related desynchronization (ERD) responses between the children with cerebral palsy and the typically-developing children within the bilateral primary motor cortices, left pre-motor cortices, right inferior parietal lobule and right premotor cortices during the planning of a motor action. All of these results indicated that the children with cerebral palsy had a stronger alpha ERD within the respective cortical areas during the motor planning stage. As shown in panel B, there were significant alpha differences in the occipital cortices bilaterally between the children with cerebral palsy and the typically developing children during movement execution. These results indicated that the children with cerebral palsy had a weaker alpha ERD within the occipital cortices during the motor execution stage. (16) (17) (18) (19) (20) (21) (22) (23) (24) during the motor planning (− 0.5 to 0 s) and execution stages (0 to 0.5 s) of the isometric knee target force matching task. The images have been thresholded at (P < 0.01, corrected) and are displayed following the radiological convention (R = L). As shown in panel A, there were significant differences in beta event-related desynchronization (ERD) responses between the children with cerebral palsy and the typically developing children within the leg area of the primary motor cortices, left inferior frontal gyrus, and left premotor cortex while planning the movements. These results indicated that the children with cerebral palsy had a stronger beta ERD within the respective cortical areas during the motor planning stage. As shown in panel B, there were significant beta differences between the children with cerebral palsy and the typically developing children within the supplementary motor area and left premotor cortices while executing the movement. These results indicated that the children with cerebral palsy had a stronger beta ERD within the respective cortical areas during the motor execution stage.
cortices during the motor execution period and the amount of error in matching the target (ρ = 0.62; P = 0.007). This implied that a stronger beta ERD within the occipital cortices was associated with smaller errors in matching the targets. We also found a positive correlation between the strength of the beta ERD within the visual MT area and the time it took the TD children to match the target (ρ = 0.65; P = 0.004). This suggested that a stronger beta ERD within the visual MT area was associated with the TD children taking less time to match the targets. After statistically correcting the significance level for multiple comparisons, none of the beta ERD findings were correlated with the behavioral performance seen in the children with CP (P > 0.004).
Regression analyses
Stepwise regression models were implemented to further evaluate which alpha and beta ERDs identified in the correlation analysis best explained the variance seen within the respective motor performance variables. These follow-up analyses were only performed with the results from all of the participants since none of individual group results had more than one ERD variable that was correlated with the respective motor behavioral results. Our regression analyses revealed that the strength of the beta ERD within the visual MT area during motor execution was the primary variable, as it significantly explained 56% of the variance seen in the time to match the target (F = 26.8; P = 0.0001; ΔR 2 = 0.56). This regression model for motor execution was further improved when the beta ERD in the occipital cortices was added to the model (F = 3.88; P = 0.0001; ΔR 2 = 0.11), as it explained an additional 11% of the variance seen in the time to match the target. Thus, together, the beta ERD within visual MT and occipital cortical areas explained 67% of the variance in the participants' time to match the targets. Lastly, the strength of the beta ERD in the occipital area during motor execution alone significantly explained 21% of the variance seen in the amount of error that occurred when the participants tried to match the targets (F = 5.5; P = 0.02; ΔR 2 = 0.21).
Discussion
We currently have a substantial knowledge gap in our understanding of how CP affects neural activity within the key cortical networks that are involved in the production of motor actions. This investigation used high-density MEG to begin to fill this knowledge gap by quantifying the dynamics of cortical oscillations in a cohort of children with CP as they performed a goal-directed, isometric, targetmatching task with the knee joint. At the onset of this investigation we were primarily driven to explore the potential differences in the beta cortical oscillations. This premise was based on our prior investigation that identified that alterations in these cortical oscillations might be the neurophysiological nexus of the motor aberrations seen in children with CP (Kurz et al., 2014) . However, the data driven approach employed in this investigation revealed that there were prominent differences in both alpha and beta oscillatory activity throughout the distributed cortical motor network during the planning and execution of isometric force. In addition, our results are the first to show that alpha and beta oscillations within visual processing areas were also different in the children with CP during the motor execution stage. Altogether these results suggest that abnormal alpha and beta cortical oscillations likely play a central role in the impaired motor actions of children with CP.
One of our key findings was that children with CP exhibited stronger alpha and beta ERD within the primary motor cortices, inferior parietal cortices and left premotor area during the motor planning stage. These results complement the outcomes from our prior investigation where children with CP performed a cued knee-extension motor task (Kurz et al., 2014) . Taken together, the results of these studies imply that the altered alpha and beta ERD seen within these key cortical networks might reflect difficulty in the formulation of an effective motor plan that will accurately achieve the desired goal. This notion was supported by the behavioral outcomes of this study, where we observed that the children with CP took longer to generate a muscular force, and selected a muscular force that overshot the presented targets by 70%.
The children with CP also exhibited a stronger beta ERD within the left inferior frontal gyrus during the motor planning stage. A recent EEG investigation has identified that the beta oscillations seen in this area are associated with tasks that require sustained vigilance (Kim et al., 2017) . Based on this finding, it is possible that the stronger beta ERD may indicate that the children with CP had greater difficulty sustaining their attention on the motor task demands. However, this interpretation is speculative since attention was not measured directly in this investigation. Alternatively, it is conceivable that the inferior frontal gyrus was recruited to compensate for the executive planning that was necessary for matching the prescribed target forces.
Stronger beta ERD activity in the children with CP continued during the motor execution stage in the SMA and left premotor area. Previous brain imaging studies have established that these neural areas are part of a distributed network that serves the production of motor actions (Jurkiewicz et al., 2006; Miller et al., 2007; Wilson et al., 2010 Wilson et al., , 2011 Wilson et al., , 2013 Wilson et al., , 2014 Tzagarakis et al., 2010; Heinrichs-Graham et al., 2014; Grent-'t-Jong et al., 2014; Tzagarakis et al., 2015; Kurz et al., 2016) . Given this, the atypical beta oscillations likely reflect disturbances in the distributed motor network as the children with CP attempt to successfully perform the knee target matching motor task. This inference is supported by our behavioral results, which showed that the children with CP had greater motor execution errors, and spent more time correcting their ongoing motor actions in order to match the target force.
Our results also revealed that the children with CP had stronger alpha ERD within the dorsal region of the anterior cingulate cortex. Prior MEG and PET studies have suggested that this cortical area is involved in the unconscious monitoring of the consequences of a selected motor action (Cheyne et al., 2012; Paus, 2001; Paus et al., 1993) . Hence, we suspect that the stronger alpha ERD (i.e., hyperactivity) seen in the children with CP may indicate that they have greater difficulty in monitoring the consequence of their ongoing motor actions. Alternatively, we suggest that this stronger activation may represent a heightened need to monitor if the intended motor action should be further accelerated or suppressed to match the target force because there is greater uncertainty in the motor plan.
Remarkably, our results showed that the children with CP had abnormally weak alpha and beta ERD activity within the occipital cortices and visual MT areas during the motor execution stage. It is well known that neurons in the visual MT area are sensitive to the motion and speed of visual stimuli (Ilg, 2008) . In addition, prior experimental work has suggested that visual processing within occipital cortices can (16) (17) (18) (19) (20) (21) (22) (23) (24) in the occipital cortices during the motor execution stage (0 to 0.5 s). This image has been thresholded at (P < 0.01, corrected) and is displayed following the radiological convention (R = L). As shown, children with cerebral palsy had a weaker beta event-related desynchronization relative to typically developing children within the occipital cortices and visual MT area. modulate the strength of activity within the cortical motor network during the performance of a visuomotor task (Ledberg et al., 2007; Strigaro et al., 2015) . Thus, the reduced oscillations seen in visual areas of the children with CP might indicate greater difficulty in performing the visuomotor transformations, which were necessary to accurately follow and place the animated box within the target. These results were not completely unexpected, as our appreciation of visual processing impairments in children with CP has become more prominent in the recent clinical literature (Denver et al., 2016; Salavati et al., 2014; De Costa et al., 2004; De Costa and Pereira, 2014) . However, the majority of clinical assessments in this domain are primarily based on visual acuity tests, rather than tests that access the visual processing of movement relevant stimuli. Interestingly, none of our participants had visually-discernable damage within occipital regions on their high-resolution structural MRI. This implies that the perinatal brain damage that occurred in the participating children with CP might have had cascading effects that indirectly impacted visual processing areas of the brain and/or their interrelationship with motor areas. These findings and their implications highlight the need for further studies focusing on how CP affects activity within visuomotor networks. Addressing this knowledge gap may provide a new framework for understanding and treating the aberrant motor actions seen in children with CP.
Our correlational results implied that a stronger ERD within the primary motor cortices and the inferior parietal cortices were associated with a slower reaction time and a greater amount of error in matching the targets. Moreover, these correlation analyses also showed that a weaker alpha and beta ERD within the occipital and visual MT cortical areas were associated with greater errors in matching the targets and a longer time to match the targets. Together, these correlations provide further support for the notion that the altered alpha and beta ERDs seen in children with CP during the motor planning and execution stages are likely indicative of their deficient motor performance. Furthermore, these findings highlight that the cortical computations that are necessary for planning a motor action and making visuomotor transformations are likely central to the error prone motor actions seen in children with CP. Our correlational findings also implied that the connection between the alpha ERD and motor performance mainly occurred during the motor planning stage, whereas the connection between beta ERD and motor performance occurred primarily during the motor execution stage. These preliminary observations might imply that changes in the alpha ERD primarily represent the certainty of the selected motor plan, while changes in the beta ERD are more related to the execution of the motor plan.
Finally, our follow-up regression analyses indicated that the beta ERD responses within the visual MT and occipital cortical areas during motor execution were the primary variables contributing to the target matching motor performance across all participants. These results further support that the neural activity in these cortical areas likely played a role in the visuomotor transformations that were necessary to perform the task. Additionally, these preliminary analyses raise questions about the contribution of the abnormal activity seen in other brain areas of children with CP. Future investigations of the activity seen within visual MT and occipital cortices are warranted to fully understand the neurophysiology of CP.
This study represents one of the few investigations that has sought to identify how the perinatal brain injuries seen in children with CP affects functional brain activity in the key brain networks that serve the production of a motor action. However, these results bring forth new questions about the observed differences in the alpha and beta cortical oscillations that underlie the impaired motor actions seen in children with CP. Based on our results, we cannot discern if the altered alpha and beta cortical oscillations represent a basic mechanism that is associated with the neurophysiology of CP, or whether the perinatal brain injuries experienced by these children alters spontaneous (resting) beta and alpha responses such that the ERD threshold for a motor action might be affected (Heinrichs- Wilson et al., 2014) . If this were the case, we would suspect that comparable differences in the beta and alpha ERD would be detectable during upper extremity motor actions. Further assessment of these alternative explanations are needed to fully understand the neurophysiology of children with CP.
Conclusion
In this study, we demonstrated altered alpha and beta oscillatory activity in children with CP across a distributed network of cortical motor regions during the planning and execution of a knee-joint isometric motor force task. Moreover, this investigation is the first to show that these same children have altered activity within visual processing areas and frontal regions involved in executive control. Collectively, this atypical cortical activity likely plays a prominent role in the error prone motor actions seen in the children with CP. We suggest that the alpha and beta ERD measures used in this investigation may provide a new metric for understanding the motor performance deficits seen in children with CP, and may provide a way to gauge the success of the evolving task-orientated physical therapy approaches that are being used to teach these children new motor skills.
